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ABSTRACT

A key challenge for ecologists understanding how organisms achieymositive live history

energy balance in spite of resources which vary in abundance across space and through time.
Recently, two foraging ecology themes have emerged which contribute to our understanding of
this topt. First, resource waves describe how animals can use spatial variation in resource
phenology to extend access to foods. Several publications have highlighted animals using
resource waves caused by elevational or latitudinal gradients, however, noxemavistrated
animals tracking more complex resource waves. Second, the macronutrient optimization
hypothesis (MOH) provides a more nuanced madéahal diet selectigrrather than simply
maximizing energy intake, the MOshysanimals also attempt to minize digestive costs by
consuming diets with specific mixtures of macronutrients (protein, carbohydrates, and fat). In
this dissertation, | used the foraging behavior of Kodiak brown lireamuthwest Kodiak Island,
Alaska to contribute to these two fonag ecology themes: resource waves and macronutrient
optimization. The body of the dissertation consist®of chapters, detailed below.

First, to understand how bears respond to sockeye salmon spawning in tributaries, |
developed a monitoring methdaat did not disturb foraging beargasinexpensive, and could
be deployed in remote locations. The system usedlépse photography and video to observe
passing salmon accurately, but at a fraction of the equipment costs and footage review time
required by conventional methods.used these systems to monitet Bstreams from 2013
2015. A manuscript detailing this method is currently in review at PeerJ.

In southwest Kodiak Island, sockeye salmon spawning phenology varies among different
spawning laations, creating a resource wave. While spawning at each of these rivers, lake
beaches, and streams may only last fed@@ays, salmon are spawning somewhere in the study
area for over three months. | used data from GPS collared bears to deterraiterth& which
bears used phenological variation in spawning to extend their access to salmon. Bears used an
average of 3 different streams, rivers, and lakes to access salmon, and they visited these sites in
the order predicted by spawn timing. Momgportantly, the number of spawning sites used was
positively correlated with salmon feeding duration, suggesting phenological variation allowed
bears to increase their access to salmon, a resource linked to bear fitness. These findings were
reportedin aper entitled AKodiak brown bears surf
GPS coll ared individual so published in Ecol og

In 2014 and 2015, | observed periods where few bears seemed to be foraging on salmon
despite strong salmon retstnThe explanation from local Kodiak naturalists was bears were
abandoning salmon to eat seasonally abundant red elderb8armebi{cus racemasaAlthough
this behavior seemed maladaptive from an energetics perspective, the macronutrient optimization
hypothesis (MOH) predicts more efficient weight gain by bears foraging on elderberries
compared to salmon. | used three years of bear distribution data and natural variation in
elderberry phenology to test whether bears foraged according to the MOH iidthe w



Elderberry phenology was relatively early in 2014 and 2015, overlapping the second half of the
salmon runs, whereas the elderberry crop and salmon were discrete in time in 2013. In both
2014 and 2015, bear detection along streams dropped consydehednl elderberries became

ripe, while in 2013 bear activity was synchronous with salmon abund@noeg the Iull in

bear activity on streamsopllaredbears were using elderberry habitat. Together, these data
suggest wild bears facing reabrld foragng constraints forage according to the MOH.

Although bears preferred berries to salmon, salmon were available for much londielgnd
contribute more to bear annual energy budgets.

In addition to creating a salmon monitoring method that expandsehdth of sites where
salmon monitoring is feasible, | contributed to the foraging ecology literature by testing two
aspects of foraging theory. | used the movements of brown bears to determine whether a mobile
consumers can track a complex resource waused by variation in salmon run phenology, and
| used natural variation in red elderberry phenology to test whether wild bears forage according
to the macronutrient optimization hypothesis, foraging on red elderberry when abundant salmon
are available.
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INTRODUCTION

BACKGROUND
TheProblem

Coastal browrbears (rsus arctos middendorjfisuch as those found on the Kodiak
Archipelago, Alaska, are perhaps the most iconic sall@ocdrhynchus sppconsumers.
Although the Kodiak bear population seems to be stable and productive overall (there are an
estimated 3500 bears across the archipelago), recent data suggests a population decline in the
Karluk basin in southwest Kodiak Island, which has historically supported a density of 0.48

bears/km (William Leacock/FWSunpublished dafa

One of the onlyources of bear abundance data in Kodiak is the Intensive Aerial Survey
(IAS), a sightability corrected aerial count of bears condyciatdy by the U.S. Fish and
Wildlife Service (FWS) and the Alaska Department of Fish and Game (ADF&G). Generally,
onelAS is completed each spring before leat (to ensure consistent sightability), although in
some years, logistical problems or very early springdeghave prevented surveys. Thus,
surveys in a given drainage occur only eveigyears. The IAS re#ts in 2010 indicated a
severe decline in the bear density in the Karluk basin. The estimated number of bearsf1000 km
dropped from 483 + 61 (90% confidence interval) in 2003 to 252 £+ 61 in 2010, a 48% decline
(William Leacock/USFWSunpublished dafa There was some speculation that the 2010
estimate was biased low because of late den emergence cause by the harsh winter. Rather than
wait another 7 years for the next Karluk basin survey, it was repeated in 2013 to check the 2010

results. The 2013 dengiestimate result was 248 + 20 bears, which corroborated the 2010 data.



There was much speculatiabout the cause stich a rapid decrease in bear densities
hunting, disease, human development activities, and research adtaiteeall been considete
Although each of these could have played a role, changes in resource availability and foraging
behavior likely played the largest role in the decline. The IAS bear data and salmon spawner
data collected by ADF&G supports this contention: over theogerd the bear decline, sockeye
salmon escapement declined steadily from over 1,000,000 in 2003 to under 350,000 in 2010.
Although brown bear population density, body size, and fecundity all strongly correlate with
salmon consumptiofHilderbrand et al. 999b) ecologists know surprisingly little about the
factors that mediate the besalmon relationship. While we might expect overall salmon
abundance to control the relationship between salmon abundance and consumption by bears,
several other factors agddmplexity to this predatgurey relationship. First, salmon are not
passive prey and are only vulnerable to bears in certain habitat types. Second, bears are
omnivores that can switch to other foods when salmon abundance is low, competition with other
bears is fierce, or a better resource is available. Finally, spawning salmon are very patchily
distributed across space ahdough time, and bears must navigate this resource mosaic to
maximize their consumption of salmoifhe overarching goal of my @esrtation was to fill these
gaps in our knowledge of bear foraging in the face of variation in resource abundance. This
project required a systems ecology perspective because bears and salmon are valued
economically, culturally and ecologically, which ates a conflict between those who want to
harvest salmon, and those who want many large bears for hunting or wildlife viewing. In this
dissertation, | tried to both contribute to ecological theory, and use a systems ecology approach
to consider how lesss about brown bear foraging behavior can be used by managers to

maximize bear abundance while minimizing impacts on salmon harvest.



Salmon and Bears
Annually, hundreds of millions of salmon swim up the rivers and streams Nbtitle
Pacific Rim. Theuns are critical to local economies and culture, and provide an important
influx of nutrients to often nutrient limited systems. Alaska Department of Fish and Game
(ADF&G) recorded an average annual harvest of almost 157 million fish fromZB0
valued in excess of $230 million (ADF&G website, 2012). Because of this high monetary value,
the majority of early research into the interaction between salmon and their predators focused on
the presumed detrimental effects on salmon populaféasd 1971)More recently, research
has attended to the vital role that spawning salmon play as a link between marine, freshwater,
and terrestrial ecosyster(Schmidt et al. 1998, Schindler et al. 2005, Claeson and Li 2006,
Piccolo et al. 2009) This linkage takes twimrms: salmon are important nutrient vectors,
injecting a relatively large subsidy of nutrients derived from the ocean into often nutrient limited
systemgBenDavid et al. 1998)and they serve as a source of food for a variety of mammal
avian and aqutc consumergWillson and Halupka 1995)The overall effect is substantial:
where salmon are abundant, they drive freshwater primary prod{s8tbimdler et al. 20059nd
have a strong impact on nearby riparian and terrestrial @ilson and Halupkd 995,
Chaloner et al. 2002, Naiman et al. 2002, Helfield and Naiman 2006, Morris and Stanford 2011)
Themost conspicuous salmon predatothe Kodiak Archipelago, Alaskis the Kodiak
brown bear(rsus arctos middendorjfiwhich spends considerabimé and energy locating,
catching and consuming salmon through the summer and fall (Barnes 1990). Salmon have such
alargeinfluenceon coastal brown bears, including Kodiak brown bears, they are considered
distinct from the otherwise similar grizzly bgalrsus arctos horribili$, that do not have access

to salmon(PasitschnialArts 1993, Hilderbrand et al. 1999a, 1999b)



Because of the strong link between salmon consumption and bear fitness, researchers and
managers often focus on salmon abundanceas &r bear conservatiofiilderbrand et al.

2004, Levi et al. 2012)One approach has been changing salmon management to explicitly
account for the dietary needs of consumers like bears. There are concerssaiatnent goals
targetingmaximumsustinableyield (MSY) for fisheriegnay not be sufficiertio sustain

historical populations of animal consumérsvi et al. 2012) Ecosystems based fisheries
management (EBFM) has emerged as an alternative to traditional MSY fisheries management.
Minimizing the impact of fisheries on ndarget species is a key goal of EBFM.

Many salmon manageraremandated to consider the neeflsansumers and the ecosystem.
Forexampleie St ate of Al askads Policy for the Man:
AThe role of salmon in ecosystem functioning
management decisions and setting of salmscapement goals (5 AAC 39.222, section
( ¢) 2 (ABhoygh this policy is in placenanagers must have quantitative tdolsstimate
how salmon abundance affects bear population productivity in order to impler{iexiiet al.

2012) One of thebiggestchallenges of quantifying the effect of varying salmon escapement on
bears is bears operate on a different scaleftlaeries andalmon management. Salmon
management occurs over large spatial scales; commercial fishers intercept salmon as they
approach river mouths and the remainsagmonare counted at weirs located near the mouths of
main stenrivers. To achieve escapement goals, fishemamagers use dati@m the entire river

to decide when to open and close fisheries. In conb@ats ad other consumers primarily prey
on sockeye once they are segregated into ensglawning suipopulations that are distributed
across heterogeneous landscapesa given year, millions of sockeye salmon may spawn in

southwest Kodiak Island lakes, riveesd streams, but their availability to bears is patchy in



both space and timaVhile human fishers capture salmon from stock aggregations, bears must
move across the landscape to access salmon from multiple subpopulations. How bears respond
to this dyramic resource mosaic determines the impact of anthropogenic and natural fluctuations
of salmon on bears.

In order to consume salmgapears musidentify streamswvhere they are currently spawning,
apotentially difficult task given the high variationian timing and widely distributed spawning
sites Spawn timing is variable because it is influenced by abiotic conditions such as water
temperatur@and groundwater flux (Olsen 1968). In the small tributaries, those most important to
foraging bears, salnmgpresence is relatively fleeting, sometimes as short as two weeks. A bear
with access to only one stream would have a very short window for consuming salmon.
However, by integrating across multiple streams agtiinchronous run timingpearsmay
consumesalmon for multiple month@uff et al. 2011, Schindler et al. 2013Although there is
some evidence of bears moving among salmon populgamses 1990, Schindler et al. 2013)
there has been no direct evidence from GPS collared individuals thetdveesd us to quantify
this behavior.

Foraging Ecology

One of the fundamental areas of ecological inquiry is the study of foraging behavior.
Optimal foraging theory statélsatanimals forage in a manner that maximizes their energy
intake. Within this famework, ecologists hypothesize thaivements between patches
(Heinrich and Oecologia 2014)me spent at patch¢Sharnov 1976)and prey choice are
optimized to maximize energy intak@yke et al. 1977)Although they were critical to
furthering ecolgical understanding, much of the early optimal foraging papers treated predator

prey systems as static, ignoring the complexities common wwieedd examplegHolling 1961,



Charnov 1976, Pyke et al. 1977Additional complexity can arise in natural st due to:
prey vulnerability that changes across space and time, the spatial pattern of resource patches, and
nutritional constraints on diet selection.

Recently, researchers have made progress towards understanding how foraging animals
select resourcpatches when the resource changes across space and through time. For example,
some ungulates migrate in response to landssegle gradients in vegetation phenology,
moving along the fAgreen wa(SawyeraadKauffmam8Mlil v spr o
Bischof et al. 2012) Although this shows animals can track resources across space and time,
vegetation phenology varies along predictable gradients (e.g. elevation, latitude). Itis less clear
how consumers respond to resource mosaics that are mcindypdistributed, vary less
predictably, and whose availability is more ephemeridre, | demonstrate that spawning
salmon function as a resource wave because of spatial variation in spawning phenology. In
contrast to existing examples, however, salgpawning phenology is driven by water
temperature regimes, which do not vary along a continuous gradient. As a consequence,
consumers may have a harder time tracking this resource wave. My results show that bears
indeed track the resource wave, using iincrease their access to salmon, a resource strongly
linked to fithesgHilderbrand et al. 1999b)

One limitation of existing foraging theory is the assumption that animals forage to
maximize their energy intake. In reality, foods exert different costs on organisms; for example,
diets overly high{Soucy and Leblanc 1998} low (Robbins et al. 2007h protein can increase
digestive costs (dietary induced thermogenesi
(energy consumption needed to offset basal metabolism and digestion). The increased

maintenance costs reduce net energy gain comparéetsondth lower digestive costs. The



macronutrient optimization hypothesis (MOH) attempts to improve foraging theory by
recognizingdietary costs According to the MOH, instead of only foraging to maximize energy
consumption, animals also regulate thetiake of macronutrients (protein, fat, carbohydrates)
towards specific multidimensional intake targg@smpson et al. 2004)The increased

maintenance costs reduce net energy gain compared to diets at the optimal macronutrient target.
Research on cape bears has shown bears forage according to both macronutrient optimization
and energy maximization principles; they select foods which maximize their net energy gain, by
both selecting high energy foods and foods which result in diets near their maerdnatgets
(Robbins et al. 2007, Erlenbach et al. 201%his work found bears mixed food items to

consume a diet with an intermediate amount of protein, specifically, 17 + 4% of the
metabolizable energy, which produces some counterintuitive predicitmyut the foraging

behavior of wild bears. Specifically, the MOH predicts Kodiak brown bears faced with a choice
between abundant red elderberries and abundant salmon, will gain more weight by selecting
elderberries. Here we tested the MOH by analybeay distributional data across three years

with varying red elderberry phenology. We present evidence suggesting that Kodiak bears, some
of the largest in the world, foraged according to the MOH, consuming red eldesdespite

the presence of hundfe of thousands of highly accessible sockeye salmon.

OVERVIEW OF CHAPTERS
This dissertation consists fafur chapters presented in manuscript format. In chaypterl
present a novel method for monitoring salmon abundance in small streams. Althoagiréhe
many existing salmon enumeration methods, they were too expensive, time consuming, or
disruptive to bears for our purposes. Our method increases the breadth of sites where salmon can

be efficiently monitored. This is important given the increasgoggnition of the importance of



small scale salmon dynamics to large scale population stgtityndler et al. 2010)I used the

data collected using this method in chapters two and three.

In chaptertwo, | used movement data from GPS collared ferbaown bears to quantify
their use of different salmon spawning sites. The timing of salmon spawning varied across the
study area, but generally grouped by habitat: salmon spawned first in streams, then rivers, and
finally in lake beaches. Collared bsaised an average of three different sites, and visited them
in the order of salmon spawning. More importantly, the bears that used more sites were able to

access salmon for longer than those that used few sites.

In chaptetthree | used natural variation in red elderberry phenology to test whether wild
bears forage according to the macronutrient optimization hypothesis (MOH). Research on
captive bears showed bears forage to balance macronutrient (protein, fat, and carbohydrates)
intake rather than simply maximize energy consumption. The results from the captive bear
studies predicted bears would prefer red elderberries over salmon because of differences in
protein content, however, these bears did not face the same foragitrgiotexas wild bears. |
monitored bear activity in relation to salmon spawning streams and habitat use of collared bears
across three years where red elderberry (Sambucus racemosa) phenology varied. The results
strongly suggest bears prefer red eldaspever salmon, showing wild bears facing real world

foraging constraints such as competition and movement costs still forage according to the MOH.

Chapter four is a synthesis of the work as a whole. | summarize the results from the other
three chapterand explain how they provide complementary information about the foraging
behavior of Kodiak bears finish by highlightingthe primary management implications of this

work andby outliningfuture avenues of research.



STUDY AREA
This project focusedn the Frazer, Ayakulik, and Karluk drainages on the southwestern
end of Kodiak IslangFigure0.1). These drainages contain manlutariesthat serve as
spawning habitat for sockeye salmon, and habitat that supportso$timeehighest densities of
brown bears in the worlMiller et al. 1997) Karluk Lake is 19 km long by .8 km wide and has
11 tributaries, most of which are short and ste#p only very short reaches accessible to
spawning salmo(Berns et al. 1980) The exceptions are O6Mall ey
have relatively high discharge and drain large valleys. Karluk Lake drains into the Karluk River,
which is 39 km long anterminates at the ocean on the north side of the island. The Frazer

drainage contains Frazer Lake which is 14 km long by 1.3 km wide, and has four tributaries.
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Figure0.1- Map of dudy area. Focal streams are in light blue. Rivers draining each lake are in dark blue



From Frazer Lake, the Dog Salmon River drains southward into Olga Bay after a 14 km run.
TheFrazer drainage is unique among the three focal drainages because it supports an introduced
sockeye salmon stoclistorically, there were no anadromous salmonids in Frazer Lake
because a waterfall downstream from the lake prevented upstream migratidb1] salmon

were introduced to Frazer Lake, and in 1962, the Frazer Fish Pass was constructed, which
provided access to spawning and juverelgring habitat it Frazer Lake. Currentlye Alaska
Department of Fish and Garf(®DF&G) operates the fish pa near Frazer Lake outlet and a
weir just upstream of the riverods moaAyakuik i n Ol ¢
River and the smallest of the three lakes, Red Lake. Red Lake is 6 km by 1.3 km and has two
significant tributaries, Connactit Creek and Southeast Creek. From Red Lake the Ayakulik
River runs 25 km to its mouth on the west side of the island where ADF&G opevetas a
Escapement data collected by ADF&G indicates that the highest salmon abundance in the
Kodiak Archipelagas associated with the three large lakesr systems of southwestern Kodiak
Island. These drainages contain all five species of pacific salmon found in Alaska, but are
dominated by pink@ncorhynchus gorbuschand sockeye salmo®(corhynchus nerka)
Collectively SW Kodiak systems account for an average of 51% of the total Kodiak Archipelago
salmon escapeme(fan Daele et al. 2013 Historically the Karluk sockeye run has been the
most productive of the three drainages, yielding over 3 million figiheatiurn of the last century,

one of the highest returns per unit area on €&thmidt et al. 1998)Analysis of nitrogen

isotopes using sediment cores from Karluk Lake indicated large fluctuations in salmon
abundance during the last 500 ye@®inney1998) Harvest and weir data also document
significant variation in abundance, as welbasunprecedented decrease within the past 100

years(ADF&G records)
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BROADER IMPACTS

Overall, this work contributes to both foraging theory and bear managemesed the
movements of GPS collared bears to provide the first direct evidence of bears tracking the
salmon resource wave. | also used opportunistic variation in bear resources to test whether diet
optimization theory developed using captive bears coddigt the diet preferences of wild
bears faced with reatorld foraging constraints. Finally, | developed a new method for
monitoring salmon in small streams, which will allow previously impractical studies of bear
salmon interactions at small scale@r Bear management, this work highlights the importance
of resource diversity to bears. My chapter 2 results suggest that managers should protect salmon
population diversity, because bear use it to extend their access to salmon. Managers should be
partiaularly careful to protect bear access to salmon runs that provide salmon at unique times.
Specifically, Kodiak managers should avoid impacts from bear viewing on both Red Lake River
and the Lower Falls of the Dog Salmon River because they are the eslywbkigre bears can
access salmon early in the summer. In chapter 3, | demonstrated the importance of resources
other that salmon to bears. The importance of red elderberry to bears gives managers another
tool for encouraging high bear population produitti For example, if introduced deer are
found to negatively impact elderberry abundance, increased deer harvests could enhance the
resources available to bears.
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CHAPTER1

A TIME-LAPSE PHOTOGRAPHY METHOD FOR MONITORING SALMON
(ONCORHYNCHUS SPP.) PASSAGE AND ABUNDANCE IN STREAMS
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ABSTRACT

Accurately estimating population siziesoften a criticacomponent of 8heries research and
management. Although there ig@wing appreciation of the importance of spslale salmon
population dynamics to the stability of salmon stooknplexes, our understanding of these
populations is constrained by a lack of efficient and-effsictive monitoring tools for streams.
Weirs are expensive, labor intensive, and can disrupt natural fish movements. While
conventional video systems avoid some of these shortcomings, they are expensive and require
excessive amounts of labor to review footage for data collection. Here, we presswel

method for quantifying salmon in small streams (<15m wide, <1m deep) that uses beth time
lapse photography and video in a mebdatsed double sampling scheme. This method produces
an escapement estimate nearly as accurate as aontleapproachbut with substantially less
labor, money, and effort. tequires serviag only every 14 days, detects salmon 24 hrs. /day,
costs less than $30@@r systemand produces escapement estimates with confidence intervals
In addition to escapement estitioa, we present a method for estimating in stream salmon
abundance across time, data needed by researchers interested in-pregaieractions or

nutrient subsidies. We combined daily salmon passage estimates with stream specific estimates
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of daily mortality developed using previously published data. To demonstrate proof of concept
for these methods, we present results from two streams in southwest Kodiak Island, Alaska in

which high densities of sockeye salmon spawn.

INTRODUCTION

Accurately estimiang population sizes is often a criticamponent of fisheries research and
management. Managers use saln@ndorhynchus sppescapemerdgstimategsalmon

remaining after harvest that enter freshwater to sptovit¢velop stockecruit curves and to
decide when to open and close fisheriBesearchers often needcapemerdata for studies
involving productivity, nutrient subsidies, and predgioey dynamics. Although we have good
escapement data for many mabem rivers used by migrating salmorg have little escapement
data at smaller scales, including small streams where many salmon ultimately spawn. This is
regrettable given that large salmon stadknplexes are composed of dozens or hundreds of
distinctsalmon populations, many of which spaiwnrfirst and second order streams. A
collectionof small salmon populatiorspawning at different times and in different locations
tends to have more stable interannual abundance than a single homogenous population due to
Aportf ol i o reshltsiemore eljalde retunns and fewer closures for commercial
fisheries(Schindler et al. 2010)This stability arises fronpopulation diversity occurring at

small spatial scales (i.e. first and second order streamis)s important that we hawbetools

to investigateand understand these populatiomsrder to effectively manage salmon for human

and wildlife consumers.

Watersheescale escapement estimates do not effectively characterize the resources
available to wildlife consumers, becausedtllo not tell us how long salmon are available to

consumers. Imany watersheds, consumeesinot catch salmamhile they migrate up the
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relatively deep water of maistem rivers; they must waintil salmonenter shallow spawning
streamswvhere they arenore easily caughtAs a resultconsumers interact with individual

salmon populations rather than entire stock complexelthus,watershed scale escapemesa

be a poor estimataf the salmon available to consumers of conservation concern sucHess eag
bears and trouBentley et al. 2012, Schindler et al. 2013, Levi et al. 20E&cy et al. in pregs
Also, consumers are easily satiated by even modest densities of spawning salmon, so the
duration of spawning activity is likely just as importamtcbnsumers as the abundance of salmon
(Jeschke 2007)Despite the importance of small tributary salmon escapement to salmon
management, ecosystem function, and salmon conservation, existing methods of monitoring
salmon abundance do not perform well @&sth sitesbecause they are expensive, time

consuming, and alter salmon behavior

Traditionally, anadromous salmonid3r(corhynchus sppthoving into large rivers or
streams have been counted by observers stationed at fish weirs, éclcdservatiortowers,
or by use ofsonar stationéTable 1;Cousens et al. 1982)These methodsanproduce reliable
estimates; however, high labor and equipment costs make them too expensivelltaneously
monitoringmanystreams. To fill this gap, researcherséaxperimented with systems that
record video of passing salmon using either under or above water cdhaticdset al. 1994,
Davies et al. 2007, Van Alen 2008)hesevideo weirmethodshavethree keyadvantagesl)
footage can be counted long after tta¢aarecollected, allowing a small crew to monitor several
runs simultaneously; 2) periods with high salmon abundance can be counted more accurately by
reducing playback speednd3) fewer site visits reduce impacts on wildlife caused by human
presence Although these benefits have made video enumeration an increasingly popular method

for counting salmonidseviewing large amounts ofideois required The resulting personnel
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costs make video weir methods impractical for many applicati@maethod is needefbr

collecting escapement data that produces reliedtienates withouhousands of hours of video
review or frequent site visitd-urthermore, some enumeration methods (i.e. weirs) can obstruct
natural movements of salmon and othehdéis. This may not be a problem on wetgm rivers

if salmon tend to move consistently upstream, however, it is problematic in small streams where

diel movements into and out of streams is com(Bantley et al. 2014)

In addition to total escapementiigdies focused ooonsumeresponsgto availability of
salmonneed to know the number of living salmon in streams (hereafter in stream abundance)
across time. In stream abundance acrossrimesents foraging opportunities better than gross
escapementhen consumers are swamped lpuésed resourgavhich is often the case for
consumers of spawning salm@krmstrong and Schindler 2011Yypically, in stream
abundance data acellected using groun@uinn et al. 2001¢r aerial surveygNeilson and
Gee 1981)which are repeated several times during a salmon run. Ground surveys work well on
streams that are easy to access, small enough to survey in a reasonable amount of time, and
where disturbing wildlife is not a concern. Aerial survegywork well for lessaccessible sites
if visibility from the plane is not impeded by riparian vegetation or complex channel
geomorphologyMoreover,because salmon abundance in streams tends to change rapidly, these
methodsonly work well whenthe survey frequency lEgh. Furthermoreto collect reliable data
using aerial surveys, researchers need to correct for differences among oljBerretsal.

1998) Here, we present an alternative method for estimating the number of living salmon in a
stream througthe ful duration of the run. The approach combidesgy estimates of salmon
passagesollected using our timapse camera systemith a model of spawning salmon

mortality.
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Our systenrequires servicenly every 14 days, detects salmon 24 hrs. /day, tests
than $300@er systemand produces escapement estimates with confidence intervals. This
system works on rivers and streams uptbm wide and-1m deep. In addition, we present a
method for estimating stream salmon abundancata which are imptant for studies focused
on the response of wildlife consumers to salmon amasnutrient subsidiesTo demonstrate

proof of concept, weresent results from twamallstreamswith very high densities of salmon.

METHODS

Approach

To harness the advages of remote camera systems without tsoasuming video
enumeration, we utilized a fAdoublawvarisbeofpl i ngo
interest is costly to measure, but an auxiliary variable is more easily measured and has a
predictable redtionship to the variable of interg§€ochran 1977) The cheaper variable can be
measuredor all of the sample unitahile the expensive variable is measured on a subsample of
units in order to model the relationship between the variables. Here, our variable of interest is
the number of salmon that pass into and out of a stream each hour, which we can accurately
guantfy with an abovewater video camera. The related auxiliary variable is the number of
salmon detected in tirdapse images each hour. The total time required to review footage is
low relative to videeonly approaches because we only have to enumeratersaim subset of
thehour long sample unitsWe can determine the salmon passage for the rem#ioungby
modelling the relationship between g sample ofiourly video counts and photo counts and

then using the model to predict salmon passage atresntire salmon run.

StudyStreams
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We developed this method omo streams used by spawning sockeye salmon: Meadow
and Southeast Creeklsig. 1.1a) in southwest Kodiak Island, Alaska. Meadow Creek is a
second order tributary to Karluk Lake. It hasi@an width of 4.50 m and depth of 13 enthe
lower 0.8 kmused by spawning salmorsSoutheast Creek is a first order tributary to Red Lake
that flows out of a small spring pond. It has a mean width of 3.90 m and depth ofif.them
lower 2.7 kmusedby spawning salmanTens of thousands of salmon enter these streams
annually to spawn and bidirectional movement anespeavn mortality is common owing to a

large number of brown bears that prey on the salmon.

Time lapse camera system

To record timedpse images of passing salmon, we used a Reconyx® Hyperfire PC800
camera, programmed to take 3 photos in rapid succession (<1 sec. between frames) each minute,
24 hrs.[day. Each three frame burst allowed us to detect the number and direction of travel (up
or downstream) of salmon passing the camera. We suspended the time lapse camera above the
stream using steel electrical conduit attached to a steel Big Game® Pursuit tripod tree stand
positioned adjacent to the streany. 1.1b). We attached the cameacathe conduit with a
Camlockbox® ball mount which allowed us to easily aim the camera. To light the streambed at
night we secured an LTS® IR50 850nm infrared (IR) light to the tripod platform. Although
visible light would have worked well, we used IBht to avoid changing the behavior of salmon
and/or their predators with visible light. The Reconyx camera and infrared light were powered
by an 80 amyhour deepcycle battery charged by a 100W solar panel secured to the south side

of the tower.

To record video, we secured/ieocamera to the top of the tower. The video footage

was stored by a Digital Video Recorder (DVR) set to record D1 resolution, 30 frames per second
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video from 12pr8pm, the periods with the best quality video (good light) the majority of

salmon movement activity. The video camera and DVR were powered by its own battery/solar
power system, identical to the one powering the Reconyx camera and IR light. To make passing
salmon easier to see, we seclseédB cmX 76.2 cmwhite High Density Polyethylene (HDPE)
contrastpanels to the bottom of the stream below the canisrastaching them to a heavy chain
(Alaska Department of Fish and Game Permit #1HI-0076) The HDPE panels are buoyant

in water and the chain prevetite panels from floating off of the streambedbsing stainless

steel carabineers, we attactibdchainto T-posts which we pounded into the margins of the
streambed. To prevent salmon from swimming under the panels, we pinodaitite the

stream bd using several steel stakes.

We visited each camera system every two weeks from early June through early
September to switch out data cards and remove algae and debris from the contrast panels. Back
at our field station, we separately counted the nurabsalmon moving up and downstream past
the contrast panels during each thpb®toburst We only counted a salmon as passing if it
moved at least %2 the length of the panels; we did not count stationary fish. Finally, we summed
upstream and downstreasounts separately for each hour of the monitoring seaBorensure

consistent counting technique, each stream was counted by the same person for the entire season.

Modelling salmon escapement (abundance)
We used a modddased double sampling approdclestimate salmon escapement. We
modelled the relationship between video salmon counts and photo salmon counts for a non
random subsample of hours, and then used this model to predict salmon passage for the entire
season. This i splingpidesegeantapihpromcthidoe mds @&mc o mmo

sample(Cochran 1977) If we had used the samplhagsignapproachwe wouldhave counted
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the salmon passing a simple random subsamplevadeo hours andthen calculaté the total
escapemertty multiplying the time lapse salmon count by the ratio of video counts to photo
counts in the subsamplélowever,the sampling desigibased approach has two requirements
which are difficult to satisfy. Firstp be randomevery hour of the salmon run must beigable

for sampling, meaning that video must be recorded throughout the entire run. A single day of
missed video (due to a power outage, insects sitting on the lengoeldignificantly bias the
resulting abundance estimates if the outage oedon a day with relativglfew or many

passing salmonSecond, the video must be high enough quality to assume 100% salmon
detection. This requirement can be difficult to meet because of glare and podimmngghideo
quality. Rather than attempt to dgsa system that meets thestect requirements, waseda
modetbased approach, where we model the relationship between video counts and time lapse
counts(Stephens et al. 2012T his framework allows us to select our sample of vdeo
enumerated hours na@andomly; our estimate of abundanse@nbiased as long as the mouel

correctly specifieqHansen et al. 1983, Gregoire 1998)

We selected 70 hours that spanned the full raofdeurly time-lapsesalmon counts
from the hours with many salmon swimming downstream to hours with strong upstream
movement. Also, we selected hours where we were confident of nearly 100% detection,
excluding hours with bad glare or poor lighting.tétal, we watched 70 hours of video for each
stream, however, because we considered up and downstream salmon movement independently,
this gave us a sukample of 14@aluesfor each strearirO upstream counts and 70 downstream

counts)

Next, we modelledideo counts as a function of tirl@pse photo counter the

subsample We compared four different models for each stream: first and second order linear
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regressiosand first and s econgoioinddegression(@ahle ).t ed or
Thesegmented regression allows the slope to differ across ranges of the predictor variable. This
makes sense for salmon swimming in a stresatmon swimming upstrea(positive values)

might move slower, and thus have a greatenceaf being detected intine-lapse burst. In

contrast, salmon swimming downstre@megative valueshight move fasteand have a lower
likelihood of detection.To address this possibility, we including segmented regression models

with the splitpoint (slope inflection pointgonstrained to zeroTo assess relative model fit, we
compared Akai keds | nf og Akake 1984) ToGalidate enodel®amd v al u e
test for ovedfitting, we performed leave one out cross validation (LOQK®havi 1995) and

used the resultingredictions tacalculate the precision (mean squared error, MSE) and accuracy
(the percent difference between the predicted and actual escapement of the 70 hours for which

we watched video). Based on these metrics, we selected a top model for each stream

Using the top model for each stream, we predicted the salmon passage for all of the hours
of the monitoring period. The sum of these predictions is the estimated escapement. Because we
did not use random sanimj to select our modelling ssdmple, iis inappropriate to use the
model variance to calculate confidence intervals for total escapement. Instead, we Ipeatstrap
our subsample with replacement (140 values to match our original subsample), refit our model
using the top model structure, andpredicted the total escapeméBfron and Tibshirani 2003)

We repeated this 10,000 times and used the 2.5 and 97.5 percentile values as upper and lower

95% confidence intervals of total escapement.

Modelling number of living salmon in streams
To modeé in stream abundance across tjwe tookdaily escapement estimates

(upstream moving salmon minus downstream moving salmon), and applied mortality estimates
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from the literature. Carlson et a2Q07) investigated the relationshiggtween stream

width/depth and stream life (number of daysm salmonstream entry to deatlon a range of

tributaries to Nerka and Aleknagik Lakes, Alaska which are morphologically similar to our focal
streams. The three main sources of mortality for spawning sockeye saér®aamescent

death, predation (mostly by bears), and stranding. They found that salmon spawning in
wider/deeperstreams tended to have longer streamiiviesie aut hor sd6 expl anat.
salmon inshallowharrow streams experienced higher predation rates which selects for more

rapid reproductive cycles and consequently earlier deaths. Because of this interaction between
stream morphology and salmstieam life it is probably inappropriate to use a singt¢imate

of stream lifeacross streams with varying morphologi/e used the results of Carlson et al.

(2007) to create a model sfream lifeas a function of stream morphology.

Assuming salmon in our streams were equally likely to die by strandingtipredand
senescence as they were in the Carlson study, we calculated a weighted average of the mean
stream life for each of the Carlson et al. (2007) streams. We then used this weighted average
stream life as the response variable and stream width @tid @k predictor variables in a simple
linear regression modeBecause stream depth and width were strongly correlate€tiq0),
including both variables in the model resulted in collineatfe thus selected between depth
only and widthonly models lg comparing AIG scores.We then usethe topmodel to predict
the mearstream lifeof sockeye salmoim Meadow and Southeast Creek, using field
measurements of stream morphology measured in 2014 as predictors. There was a strong
positive correlation beteen the mean and pooled standard devidtimuges 19819f stream

life in the Carlson data (r =0.95, p=0.004); therefore, rather than model the standard deviation
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(SD) of stream life separately from the mean, we assumed stream life SD was proportienal to

mean (SD=.499 * mean stream life).

To calculate in stream abundance each day, we summed the number of salmon that

entered on that day with the predicted number of surviving salmon from the previous days:

0 QU WOV AEEOD O @ v 0 Y

wherePx is the number of salmon that passed into the stream ox Bayis the number of

salmon that passed into the strefashays before day, S is the proportion of those salmon
surviving to dayk, andt is an index of daysThe values of are from the cumulative

distribution function of survival which we modelled above. N is the number of days it takes for
survival &) to reach zero, which varies based on the survival model (it will be larger on deeper

streams where stream life is greater).

To understand the sensitivity of in stream abundance models to changes in stream life
estimates, we calculated in stream abuweddor each stream across a range of stream life
values. We then used percent change in maximum abundance to assess the impact of changing
stream life. Because the amount of time consumers have access to salmon is at least as important
as peak abundanoee also calculated the duration of the salmon run, defined as the number of
days where abundance was at least ten percent of the maximum in stream estimate from the un
altered model. This (admittedly arbitrary) ten percent threshold was an attenty tovger

limit on the salmon density below which benefits to consumers decline.

RESULTS

SalmonEscapement
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Of the suite of models relating video counts to time lapse counts for Meadow @eeek, t
top model was the segmented first order model (TABleéHg. 1.2). It had the lowest AlC
(1534.3), best precisiofMSE=3556) andbestaccuracy(+3.0%) Thesegmented modelikely
explained more variation than the unsegmented models because salmon had different detection
rates while swimming upstream vergl@vnstream (salmon swim slower against the curramt)
the relatively steep gradient of Meadow Creélsing the top model, the predicted escapement

for Meadow Creek was 30,509 * 9,494 (95% confidence intervals).

The top model for SoutheaSteek was th first order regressionhich hadthe lowest
AIC. (1732.2), best precisiodMSE=14167),andbestaccuracy (+3.1%). In contrast to Meadow
Creek, the segmented model only explained slightly more variation than the first order model,
but required an additioal parameter. Ais suggests salmon BoutheasCreekhave a similar
detection rate whether they are swimming up or downstredmch is likely because Southeast
Creek has a relatively flat gradient and low velacitihe total escapement for Southezastek
was 65,355 * 4,305 (95% confidence intervals). For Southeast, @reascapement estimates
were not very sensitive to the model selected (maximum difference of only &4/ .3). This

contrasts with Meadow, where the difference between thestigind lowest estimate was 38%.

Modelling number of living salmon in streams

The model with depth as a predic{&iC.= 27.5 explained more variatiothan the
width model(AIC.= 31.9), so we used this model to predict mean stream life for our two
streams. Meadowreek had a predicted mean stream life of 7.1 days (SE=3.5) while Southeast
Creek (which is shallower), had a predicted stream life of 5.9 days (SE=3.0). Using these val
we found thepredictedsalmonabundance over tima each stream were quite different;

abundance peaked at just ové&rdDO sockeye on Julylf in Meadow Creek and the run was
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finished around August Y§Fig. 1.4). In contrast, SoutheaSteek hadwo distinct peaks in
abundancethe firston July 215t with just over 1500 sockeyand the second peaking4645
on August 29. Thus, although the total escapement in Southeast Creek was more than double

that of Meadow Creek, the peak salmon abundavas only29% higher in Southeast.

In general, the in stream abundance models were quite sensitive to changes in stream life
estimates. Increasing mean stream life in Meadow Creek by 2 days, from 7.1 to 9.1 days,
increased the estimated maximum abumegsby 14% (Figl.5). The effect was even greater on
Southeast Creek, with a 22% increase in abundance from a 2 day increase in mean stream life.
Increasing the standard deviation had the opposite effect: a 1 day increase in SD of stream life
decreasethe maximum abundance by 5% and 3% on Meadow and Southeast Creeks,
respectively. The sensitivity of salmon run duration (defined as the number of days with at least
10% of the maximum salmon abundance), to changes in mean and SD of stream life was less
clear. On Meadow Creek, increasing mean stream life by 2 days increased the salmon run
duration by 2 days (from 40 to 42 days) and increasing stream life SD by 1 day resulted in no
measurable increase in salmon run duration. In contrast, the same chaBgesheast Creek
resulted in an 5 day and 2 day increase in salmon run duration for changes to the mean and SD of
stream life, respectively. This difference is likely because Southeast Creek has two distinct
peaks in salmon abundance, and a 2 day inereastream life is a larger proportional change

compared to Meadow creek.

DISCUSSION
Researchers and managers increasingly acknowledge the important role of small salmon
populations in generating stable returns for commercial fisheries and for sugpaltilife of

high economic and commercial val(fchindler et al. 2010, Beacham et al. 201Many
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existing salmon monitoring tools were designed primarily for large streams and rivers and are
ineffective or too expensive for monitoring the salmon pdpmria that use small streams for
spawning. The timelapse salmon counting system presented here proved to becasgwime
efficient, and accurate method for counting salmon in stréassghan 15m wideThis method

only required biweekly site visi$, which is ideal for remotely monitored sites and studies
involving the response of wildlife to spawning salmon. These benefits will allow managers and
researchers to quantify salmon in streams where it was previously too difficult or expémsive.
addtion, we presented a method for estimating the number of living salmon in a stream across

the run, data which are particularly important for consuraesource studies.

To estimate in stream salmon abundance, we developed a model of salmon stream life
(numker of days a salmon survives following spawning stream entry) based upon data collected
in the Wood River system, Alask@arlson et al. 2007)These data are specific to the sites and
years where they were collected; differences in water level, intexigtgdation, and salmon
abundance are all likely to change these values. For these reasons, future users of the method we
demonstrated here should estimate stream life in their own systems, rather than relying on the
model developed using the Carlsorakt(2007) data. This is particularly important because a
sensitivity analysis showed our in stream salmon estimates were quite sensitive to changes in
estimated stream life (Fig.5); a two day increase in stream life increased the estimated

maximum abindance by 14%n Meadow Creek and 22% on Southeast Creek.

Similarly, a good escapement estimate is only possible if users accurately model the
relationship between time lapse and video co(lénsen et al. 1983)This is critical given the
large differences in abundance estimates resulting from small differences in model structure or

fit (Table 2, Fig.1.4). Itis important to consider multiple model shapes; different stream
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morphologies or salmon species magduce different salmon run patterns. For example, steep
streams are likely to produce models with different slopes for salmon swimming upstream and
downstream. The segmented model structure can account for this pattern, and thus should
always be includ# in the candidate model set. Also, a polynomial model might be appropriate

for streams that experience high densities of spawners. In general, a polynomial model is needed
if time-lapse detection of passing salmon changes with salmon run intensityxaaaple, as

salmon reach high densities, they may not be able to move upstream very quickly because of
crowding. This could result in relatively higher detection at high run intensities. In this case, a
polynomial model would likely model the relatiomsibetter than a first order model.

Regardless of the model shape, it is important that users use standard model diagnostics and

good sense to fit the best model possible.

Fromfour years of testing this method on different streams and different sitaa wit
streams wéavelearned severamportantlessons. First, thisountingsystem is most accurate
and requires the least effort when located where flow is rapid but the water surface is smooth.
The rapid flow prevents salmon from loitering above thdareshpanels (which can introduce
noise into the timdapse counts), while the smooth water surface malessito see passing
salmon. Second, this system works best in shallow stréepstreamg>1 m) were
problematic becausmalmonweremore likely to swim at different depthsshich causedheir
outlines to overlajpnd madeounting more difficult. It was alsmoredifficult to light deep
streams at nightWe found that our infrared lightid notlight passing salmoadequatelyf
streams werenore than one meter deepsing mnventional flood lights (visible lighgolves
this problem; howeveit negates thadvantages of using IR lightshich isinvisible to humans,

fishes, and most wildlife. Third, it is important to orient the caragrayfrom the sun
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(northward in the northern hemisphereg¢causetherwisethe surface of the wateeflects glare

towards the camera.

Although this new method increases breadthof sites that can be monitored, it has
some limitations. As with other methods, the turbidity associated with high flow events can
make seeing passing salmon difficult or impossilblertunatelythese events tend to be brief in
the small streams for wth we designed this system. Also, it can be difficult to distinguish
among species if a site has multiple species migrating at the samd-tmady, this system can
only monitor streams up to 15m wide. Beyond thidth, counting accuracy is likelypt
decrease as the salmon in the images become more distant. One potential solution is to use two

camera towers on opposite banks, each viewing one half of the stream.

Using this systenit can be difficult to accurately model the relationship betwieee t
lapse counts and salmon passage if escapement is less than two or three thousand salmon. This
is because at low escapement, hourly tiapse counts tentd vary little, regardless of the
relative intensity of the run. This makes it difficult to effeely model the relationship between
time-lapsephotocounts andiideocounts. One solution to this problem isriorease observer
effort by either increasinthe length of the sampling urfge.g.from one to two houjsor by
increasing the samplingdquency (e.g.-photo burst every 30 secondslhis would increase
the contrast between weak and strong runs, buiradsease the time required to review photos
and/or video.Another solution is to use a model from a stream with similar features (width
depth, velocity, etc.), although we know from the data presented here that models can differ
greatly among streams (Table 2). For example, if we had used the Southeast Creek model to
estimate Meadow Creek escapement, we would have overestimated bgr@p¥ed to the

MeadowCreektop model.
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In general, salmon researchers should strive to minimize their impact on natural salmon
behavior. In small streams such as those monitored here, spawning salmon tend to move up and
downstream frequently(g. 1.4, top), a behavior that may lzestrategy for avoiding predators
(Bentley et al. 2014) Salmon monitoring methods such as weirs have the potential to limit these
movements. This could allow predators such as bears to catch salmon more easily, which could
decrease salmon spawning success rates and alter trophic interactions with satunmeonA
key strength of the method presented here is that it allows salmon to move freely and allows

natural interactions with salmon consumers.

As with many resources used by wildlife, salmon availability is very patchy in space and
time (Armstrong &ad Schindler 2011) This presents a challenge fesearchers and managers
interested in using sampling to estimate their abundance; the more patchy or pulsed the salmon
run, the less accurate a random sampling method will be without large amountstoftédie,
we overcame this challengg using a modebased design instead of a random samgbased
design. This allowed us to relax the demands on our camera system; rather than requiring
complete video coverage, we merely needed hours of videefitasented the full range of
salmon run intensities. Given the ubiquity of patchy (in space) or pulsed (in time) resource
availability, we suspect that this approach to double sampling could be usefully employed in a

variety of natural resources applicats.

The salmon counting method that we present here expands the range of salmon spawning
habitats that can be realistically monitored. Compared to existing methods, our solution is less
expensive, less time consuming, and less detrimental to salmddheawildlife that use them.

The data produced can help improve our understanding of how population dynamics at small

scales creates stability at the watershed scale. Lastly, due to their low cost and relative
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portability, these systems would be ideal ihonitoring salmon populations of conservation
concern. For example, they could produce baseline and ongoing data on the abundance of
salmon spawning downstream of mines or other resource development projects.
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CHAPTER 1TABLES

Table 11. Comparisa of salmon enumeration methods.

be slowed and counts repeated for|
QA/QC; Does not obstruct fish
passage; lower human presence

decreases impacts on wildlife

Method | Typical sites| Advantages Disadvantages Man | Refs
ned?
§ Weir Large clear Easy sampliof age, sex, length, | Expensive Yes Anderson
o rivers/ streams | genetics (equipment/personnel); and
®) May hinder natural fish McDonald
GE) movements 1978
i= | Observat first to fifth Does not hinder fish passage Expensive (personnel);| Yes Cousens et
T ion Tower | order clear turbulence or bad light al. 1982
Q streams/ can make counts
@ rivers difficult
Sonar Large clear or | Not affected by turbulence; Record Expensive Yes Holmeset
opaque rivers | of run can be saved and reviewed;| (equipment/personnel); al. 2006;
Playback can be slowed and count Lengthy footage review Maxwell
repeated for QA/QC; Does not Accuracysuffers at and Gove
obstruct fish passage highest densities 2007
Videonet mediumto Records of run can be saved and | Expensive(equipment/g usually | Van Alen
) . . .
= | weir small rivers anc| reviewed; Playback can be slowed| ersonnel); Lengthy 2008,
8 streams and counts repeated for QA/QC; | footage review; May Grifantini
@] Does not obstruct fish passage hinder natural etal. 2011
O>) movements of fish;
S Nets can catch debris
@ | Above Medium to Records of run can be saved and | Expensive; Time varies Hatch et al.
o ) - A
8 water video | small clear reviewed;Playback can be slowed | consuming footage 1994
= streams and counts repeated for QA/QC; | review
&’ Does not obstruct fish passage
Timelapse | Medium to Inexpensive; Can be left unattende Limited to smaller No Current
double small clear for 14days; Records of run can be| streams (<15m) study
sampling streams saved and reviewed; Playback can
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Tablel.2 Model descriptions, escapement estimates and model validation metrics. AlCc is
Cr i t(Akaike ©94) a@5&0jcanfideneed f o

Al

k ai

keds |
intervals on escapement were calculated using bootstrap resampling métbodscyis the

nf ormati on

percent difference between the leareeout crossvalidation predicted escapement and the
actual escapement for the 70 hours where escapement was counted using video recording.
Precision is the mean squared error (MSE). The top modehédr stream is in bold.

Model Escgpement -
Name Model of Sockeye Passage k AlCc estimate Accuracy| Precision
(£95% CI)
Al e I e I
—(xO)* *
£ | Doimomial | 002060110 45ascmng 0206 | ¥ | 155021 (igpry) | +101% | 3857
% first order pass =x*16.1441 1 | 1551.562 (325632) +37.5% 3917
polynomial p"’z)s(f*:_goljég;f” 2 | 1535.943 (fifgzoa;) +24.4% | 3591
e e o [ e | e | e
s sl Rl
g first order pass =x*22.505 1| 1732.17 (523:;5055) +3.1% 14167
polynomial pa;i:_;fggg;% 2 | 1733.44 (E%gig) +6.2% | 14669
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CHAPTER 1 FIGURES

Figure 11. A) Map of southwest Kodiak Island, Alaska showing the locations of streams where
salmon were counted using tiffegse double samplingd) Salmon counting system including
foldable steel tower holding a tind@pse camerabpx at top), video camerandsolarpanels.

The tower is surrounded by an electric fence to prevent equipment disruption by bears. White
high density polyethylene (HDPE) plastic panels were placed on the stream bed to improve
sightability of sockeye salmo®ficorhynchus nerBa C) An image of two sockeye salmon
passing across the contrast panels, with the video camera in the foreground.

A / B

Meadow Creek

SoutheastCreek
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Figurel.2. Relationship between hourly tiflepse and video counts of salmon passage for two
streams in southwest Kodiak Isladaska. The lines show the top model for each stream,
selected using Akai keds I nformati gWAkakeri teri on
1974) a segmented first order relationship for Meadow Creek, and a simple first order linear
relationship fo Southeast CreekThe segmented model @ddow) has a different slope above

and below the origin, which is indicated by crossed vertical and horizontal dashed lines.
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Figurel.3. Comparison of estimates of the number of living sockeye salmwoistreams
(MeadowCreekat top, Southeastr€ek at bottom) derived using four different models (model
details in Table 1).
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Figurel.4. Estimated hourly sockeye salmon passage (top), estimated cumulative passage
(middle), and estimatkin-stream salmon abundan@mttom) in Meadow and Southeast Creeks.
In thesalmon passage plots (top rewdsitive numbers indicate salmon moving into the stream
from the downstream lake, while negative numbers indicate salmon leaving theastceam
eneringthe lake.
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Figurel.5. Effect of altering mean and standard deviation (SD) of sockeye salmon survival (in
days) on the estimateéa-stream salmon abundanceMeadow and Southeast Creels the top
row the mearnwvas manipulated, while the SD was altered in the bottom row of picad. plots,

the unaltered model is shown in black.
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